ential responses to N and K fertilization rates. Liberal N fertilization has increased shoot growth in numerous under long days, while K fertilization reduced TNC levels in Tifdwarf (Reeves et al., 1970) . Potassium fertilization has inunder short days. Quality scores in both cultivars increased in response creased resistance to cultural stresses such as wear, soil to N under long days, and in response to both N and K under short compaction, and cold temperatures (Carrow et al., 1987; days. Results of these studies indicated that growth, TNC accumulation, and quality differed due to cultivar, photoperiod, and rates of Juska and Murray, 1974) .
N and K.
Information on responses of warm-season grasses to N and K during establishment is limited. Maximum establishment of nine bermudagrass cultivars was achieved with 4.8 g N m Ϫ2 mo Ϫ1 , with a reduction in H ybrid bermudagrass cultivars provide high qualrate of establishment when N was applied at 6.2 g m Ϫ2 ity turf for athletic surfaces in warm climates. mo Ϫ1 (Dudeck et al., 1985) . Juska (1959) found that Quality in these cultivars is characterized by a compact, Meyer zoysiagrass (Zoysia japonica Steud.) increased dense, and uniform growth habit. In addition to these top and stolon growth during establishment in response morphological features, quality also is characterized by to K at 20.6 g m Ϫ2 yr Ϫ1 , but Fry and Dernoeden (1987) the capacity of the turf to tolerate stresses such as found few differences during establishment in response drought, temperature, traffic, and low cutting heights.
to K up to 10.3 g m Ϫ2 yr Ϫ1 . Although the hybrid cultivars are closely related, growth Concentration of N and K in tissue has influenced habit, morphology, and responses to cultural practices total TNC reserves (Adams et al., 1967; Goatley et al., may differ between them. 1994; Miller and Dickens, 1996) and intraspecific differBermudagrass cultivars have previously shown differences in TNC concentration have occurred in bermudagrass (Miller and Dickens, 1996) . Carbohydrate accu-L.E. Trenholm and A.E. Dudeck, Environmental Horticulture Dep., mulation is inversely related to N fertilization due to 
MATERIALS AND METHODS
was performed using the General Linear Model procedure with appropriate error terms included (SAS Institute, 1987) . This research consisted of two consecutive studies, both
Significance was determined at the 0.05 probability level. Due conducted in a glasshouse at the University of Florida Turfto numerous interactions between studies, data were analyzed grass Envirotron, Gainesville, FL. A long-day study was initiby study and grass using Response Surface Regression (Freund ated on 24 Apr. 1995 and terminated on 14 Aug. 1995 . A shortand Littell, 1991 SAS Institute, 1987) . The complete response day study was conducted from 2 Aug. through 5 Nov. 1995.
surface model used was a second-order polynomial of the Sprigs of FloraDwarf and Tifdwarf were obtained from form: established field stands at the G.C. Horn Turfgrass Field Laboratory, Gainesville, FL. Propagules, which consisted of stolon
and leaf tissue, were planted in a coarse sand media to densely ϩ B 5 (N ϫ K) ϩ e cover a 15.2 cm. in diam. pot. Sprigs were topdressed with 50 mL of coarse sand. Media used was a coarse sand that fit the In this model, y is the response variable, B 0 is the intercept, following USDA classifications: 31% very coarse sand, 52% B 1 N and B 3 K are linear coefficients for N and K respectively, coarse sand, 15% medium sand, and 2% fine sand. After an B 2 N 2 and B 4 K 2 are quadratic coefficients for N and K respecinitial acclimation period, sprigs were transplanted by removtively, B 5 (N ϫ K) is the coefficient for the interaction of N ing shoot growth and upper 2.5 cm of root growth. Propagules were transplanted into plastic pots 15.2-cm depth and 15.2 and K and e is the experimental error term. Lack of fit of the second-order polynomial model was tested simultaneously.
The reduced model for shoot growth of Tifdwarf berOnly those coefficient estimates in the complete model that mudagrass in the long-day study included linear and showed a significant effect at the 0.10 level of probability or quadratic N, linear K, and the interaction of N ϫ K less on the response were considered in fitting a reduced ( , 1996) . Equations of complete or reduced models 1; Fig. 1D ). Greatest shoot growth of 32.3 mg m Ϫ2 wk Ϫ1
describing each response are presented in tabular form.
was obtained with N at 9.8 g and K at 3.8 g m Ϫ2 mo Ϫ1 . Shoot growth averaged 20.1 mg m Ϫ2 wk Ϫ1 under short days.
RESULTS AND DISCUSSION
Certain bermudagrass cultivars are known to be re-
Shoot Growth
sponsive to photoperiod (Burton et al., 1988; Gaussoin et al., 1988) . Previous research on FloraDwarf bermuThe reduced model for shoot growth of FloraDwarf dagrass indicated that it attained maximum growth durbermudagrass under long-day conditions included only ing short nights and long days (Dudeck, 1995) . Signifilinear effects of N (Table 1; Fig. 1A ). Shoot growth cant differences were found in daylengths between the averaged 22.7 mg m Ϫ2 wk Ϫ1 . The reduced shoot growth long-and short-day studies in this research (P Ͼ 0.0001), model for FloraDwarf under short-day conditions inwhich are attributed to shoot growth reduction of Floracluded linear components of both N and K, as well Dwarf bermudagrass in short days. Glasshouse temperaas their interaction (Table 1; Fig. 1B ). Greatest shoot ture averaged 34.4 and 33.8ЊC during long and short growth of 29.9 mg m Ϫ2 wk Ϫ1 occurred with the combinadays, respectively; since this was not a significant differtion of 9.8 g N and 4.9 g K m Ϫ2 mo Ϫ1 . Shoot growth ence (P Ͼ 0.4745), growth reduction in FloraDwarf was averaged 13.3 mg m Ϫ2 wk Ϫ1 in the short-day study, which not affected by temperature. As reported previously was a reduction of 41% from average shoot growth under long-day conditions.
(Marousky et al., 1992), Tifdwarf bermudagrass did not 
) on total consecutive studies. (A). FloraDwarf bermudagrass long (Ͼ13 h) shoot growth (leaf and stolon tissue) during establishment in a sand days. (B). Tifdwarf bermudagrass long (Ͼ13 h) days. (C). Tifdwarf medium in a glasshouse in consecutive studies. (A). FloraDwarf bermudagrass short (Ͻ13 h) days. bermudagrass long (Ͼ13 h) days. (B). FloraDwarf bermudagrass short (Ͻ13 h) days. (C). Tifdwarf bermudagrass long (Ͼ13 h) days.
mudagrass (Horst, 1985) and zoysiagrass (Juska, 1959) 
(D). Tifdwarf bermudagrass short (Ͻ13 h) days.
had increased root growth in response to increasing N rates. Root growth in response to N in this research show a significant growth reduction in response to shortmay indicate that root growth increased within the conened photoperiod. Total shoot growth did not differ fines of the pots as a response to overall increased shoot between grasses under long-day conditions; under shortgrowth in response to N. day conditions, however, average shoot growth was apRoots and rhizomes have previously been shown to proximately 50% greater in Tifdwarf than in Floraincrease in response to K in Coastal bermudagrass (KeiDwarf.
sling et al., 1979), and in Tifton 44 bermudagrass (Belesky and Wilkinson, 1983) . FloraDwarf bermu-
Root Growth
dagrass had a slight decrease in root growth in response Root growth in FloraDwarf bermudagrass in the longto K under long days. Conversely, Tifdwarf bermuday study increased linearly in response to N and K dagrass had increased root growth in response to K (Table 1 ; Fig. 2A ). Greatest root weights of 10.9 mg under short days. Increased root and rhizome producm Ϫ2 wk Ϫ1 were obtained with 9.8 g N and 0.6 g K m Ϫ2
tion in response to K fertilization has been associated mo Ϫ1 . Root weights averaged 7.7 mg m Ϫ2 wk Ϫ1 . Root with increased spring regrowth and cold temperature growth of FloraDwarf in the short-day study was not tolerance (Belesky and Wilkinson, 1983; Keisling et al., influenced by N and K across the range of treatments 1979). This may indicate that these grasses have good in this study. Root weights averaged 3.0 mg m Ϫ2 wk Ϫ1 , capacity for enduring cold temperatures and for spring which was a decrease of 61% from root production regrowth when provided with ample K. under long-day conditions.
The reduced root growth model for Tifdwarf bermu-
Tissue Total Nonstructural Carbohydrate dagrass under long-day conditions included linear and

Concentration
quadratic N and the interaction of N ϫ K (Table 1 ; Fig.  2B ). Greatest root weights of 24.6 mg m Ϫ2 wk Ϫ1 were Levels of N and K had no effect on TNC concentration in FloraDwarf under long-day conditions (Table  obtained with N at 9.8 and K at 4.9 g m Ϫ2 mo Ϫ1 . Average root weights were 17.6 mg m Ϫ2 wk Ϫ1 . Tifdwarf root 1). Average TNC concentration was 15.7 g kg Ϫ1 . Under short days, the reduced model for TNC concentration weights in the short-day study were influenced by linear N and K as well the quadratic K component (Table 1; in FloraDwarf included N linear and quadratic effects (Table 1 ; Fig. 3A) . Predicted maximum TNC level of Fig. 2C ). Greatest root weights of 19.4 mg m Ϫ2 wk Ϫ1 were produced with 9.8 g N and 4.2 g K m Ϫ2 mo Ϫ1 . 41.0 g kg Ϫ1 was obtained with 5.9 g N m Ϫ2 mo Ϫ1 . Average TNC concentration was 34.1 g kg Ϫ1 , which was an inAverage root weights for Tifdwarf under short days were 15.4 mg m Ϫ2 wk Ϫ1 , a decrease of 13% from longcrease of 117% over long-days levels. The reduced model for TNC concentration in Tifday conditions. Root production averaged 57 and 80% greater in Tifdwarf than FloraDwarf under long and dwarf under long days included N linear and quadratic components (Table 1 ; Fig. 3B ). Maximum predicted short days, respectively.
Roots of turfgrass do not typically increase in reconcentration of 31.2 g kg Ϫ1 was reached with 4.4 g N m Ϫ2 mo Ϫ1 . Average TNC level was 26.3 g kg Ϫ1 . Under sponse to N, which is used more preferentially for shoot growth (Goss and Law, 1967; Madison, 1962; Menn and short days, the Tifdwarf TNC reduced model included linear and quadratic components of K (Table 1; 
(A). FloraDwarf bermudagrass long (Ͼ13 h) Tifdwarf bermudagrass long (Ͼ13 h) days. (C). Tifdwarf bermudays. (B). FloraDwarf bermudagrass short (Ͻ13 h) days. (C). Tifdagrass short (Ͻ13 h) days. dwarf bermudagrass long (Ͼ13 h) days. (D). Tifdwarf bermudagrass short (Ͻ13 h) days.
3C). Maximum predicted TNC concentration of 37.2 g had previously been observed in centipedegrass in a kg Ϫ1 was reached with 3.0 g K m Ϫ2 mo Ϫ1 . Carbohydrate greenhouse study (Walker and Ward, 1974) . levels averaged 31.3 g kg Ϫ1 , which represented an 18% Greatest average accumulation of TNC occurred in increase over long-day levels.
FloraDwarf under short days. Due to slower growth Total nonstructural carbohydrate levels averaged rates of this cultivar, there may be less demand on re-68% greater in Tifdwarf than in FloraDwarf under long serve energy supplies, resulting in greater accumulation days. Conversely, under short days, FloraDwarf had of TNC. Additionally, intraspecific differences in degree approximately 9% higher TNC levels than did Tifdwarf.
of cold hardening and cold tolerance between FloraPrevious research on TNC concentration in turfgrass Dwarf and Tifdwarf may account for variability, similar has shown different responses to N. An inverse relationto that reported by Miller and Dickens (1996) for Tifship has been found between N fertilization and TNC dwarf and Tifway. concentration (Adams et al., 1974; Duff, 1974; Hull and Smith, 1974; Schmidt and Blaser, 1969; Walker and Quality Ward, 1974) . Quadratic responses to N indicated that a certain amount of N was used in carbohydrate accumuThe reduced model for quality scores of FloraDwarf lation, but that excessive N fertilization increased shoot bermudagrass under long-day conditions included linear growth and subsequently depleted stored carbohyand quadratic N and linear K effects (Table 1 ; Fig. 4A ). drates.
Highest quality scores of 6.9 were obtained with N at Turfgrass TNC accumulation in response to K is less 9.8 g m Ϫ2 mo Ϫ1 in combination with K at 0.6 g m Ϫ2 mo Ϫ1 . well documented than response to N. Under short days, A minimally acceptable score of 6.0 for commercial turf turf growth increased in response to K, and TNC levels use was predicted at 5.5 g N and 0.6 g K m Ϫ2 mo Ϫ1 . were subsequently reduced as a result of the increased Under short days, the reduced model for quality of growth in Tifdwarf. Miller and Dickens (1996) found FloraDwarf bermudagrass increased linearly due to an inverse accumulation of root and rhizome TNC levels both N and K (Table 1 ; Fig. 4B ). A score of 6.0 was in Tifdwarf and Tifway in response to K. Tifgreen, howreached with 6.0 g N and 4.6 g K m Ϫ2 mo Ϫ1 . ever, had no TNC accumulation in response to K (GoatUnder long days, the reduced model for Tifdwarf ley et al., 1994) .
bermudagrass quality included N linear and quadratic A seasonal influence on TNC accumulation was evicomponents (Table 1 ; Fig. 4C ). Maximum predicted dent in both grasses, with higher levels accumulated quality scores of 7.6 were obtained with 8.4 g N m Ϫ2 under short days. Increased TNC accumulation from mo
Ϫ1
. A score of 6.0 was predicted with 3.3 g N m
Ϫ2
September to November has previously been reported mo Ϫ1 . Under short days, the reduced model for quality (Dunn and Nelson, 1974; Miller and Dickens, 1996) and in Tifdwarf bermudagrass consisted of N linear and K is believed to be associated with cold hardening. Under linear and quadratic effects (Table 1 ; Fig. 4D ). A maxilong days, FloraDwarf did not accumulate TNC. It addimum predicted quality score of 7.5 was reached with tionally had low N and K levels, and a greater rate of 9.8 g N and 3.5 g K m Ϫ2 mo Ϫ1 . A score of 6.0 was growth than under short days. These factors indicated obtained at 1.2 g N and 2.1 g K m Ϫ2 mo Ϫ1 . that nutrients were used for growth, which subsequently Tifdwarf bermudagrass quality scores averaged apdepleted TNC stores, resulting in lack of response to proximately 13% higher than FloraDwarf for both studies. Under short day conditions, quality in both grasses this variable. A similar lack of response to N and K increased quadratically in response to N. Quality scores tages for overwintering of grasses, subsequent spring green-up, and other stress factors. Total root growth in in previous research have shown both linear and quadratic increases in response to N in Tifgreen (Goatley response to N in this research was attributed to overall increased growth due to N fertilization. et al., 1994) and Tifway (Johnson et al., 1987) . McCaslin et al. (1989) reported differential linear increases of Greater TNC accumulation in FloraDwarf bermudagrass in the fall may result in increased cold temperaquality scores in response to N for 10 bermudagrass cultivars.
ture tolerance, as well as earlier spring regrowth and subsequent green-up. This could further result in inLack of response to K for bermudagrass quality scores has been previously reported in Tifgreen (Goatley et creased quality scores and greater overall stress tolerance of this grass. al., 1994) and Tifway (Johnson et al., 1987) . Decreased quality, however, is not generally associated with reNitrogen consistently increased quality ratings in both grasses. Response was greater during summer, when sponse to K, as observed in FloraDwarf under long-day conditions. Conversely, both grasses increased quality growth was increased. Response under long days reached a maximum qualitative response to N for all scores in response to K under short-day conditions. Previously reported qualitative responses to K include invariables, while responses were linear during short days. Quality responses to K occurred only under short-day creased winter hardiness, earlier spring green up, and improved stress tolerances (Belesky and Wilkinson, conditions, with greater response in Tifdwarf than in FloraDwarf. Average qualitative scores were slightly 1983; Gilbert and Davis, 1971; Juska and Murray, 1974) .
higher in Tifdwarf than in FloraDwarf. This was due to the more vigorous overall growth habit of Tifdwarf
CONCLUSIONS
bermudagrass. As noted previously, the more vigorous growth of Tifdwarf bermudagrass may be advantageous Results of these studies indicated that shoot and root during establishment; in the long run, however, excess growth, TNC concentration, and quality ratings for growth of turfgrass is not desirable. these cultivars during establishment differed due to cultivar, photoperiod, and rates of N and K. The photoperi-ACKNOWLEDGMENTS odic sensitivity of FloraDwarf bermudagrass resulted in reduction of growth rates under short-day conditions,
